Fonsecaea pedrosoi is the major etiological agent of chromoblastomycosis, a chronic, suppurative, granulomatous mycosis usually confined to skin and subcutaneous tissues, presenting a worldwide distribution. The host defense mechanisms in chromoblastomycosis have not been extensively investigated. Langerhans cells (LC) are bone-marrow-derived, dendritic antigen-presenting cells of the epidermis, which constitutively express major histocompatibility complex (MHC) class II, and comprise 1-3% of total epidermal cells. LC are localized in suprabasal layers of the epidermis and in mucosa, where they play important roles in skin immune responses. The purpose of the present study was to evaluate the interaction of F. pedrosoi conidia or sclerotic cells with LC purified from BALB/c mice skin. We demonstrate here that LC phagocytose F. pedrosoi conidia but not sclerotic cells in the first 3 h of interaction, inhibiting hyphae formation during 12-hour coculture from both forms, internalized or not. Also, LC maturation, analyzed using CD40 and B7-2 expression, was inhibited by conidia, but not by sclerotic cells, indicating an important innate immunity function of LC against F. pedrosoi infection in these mice.
Introduction
Fonsecaea pedrosoi is a dematiaceous or black fungus characterized by the development of a pale brown to black color in the cell walls of its vegetative cells, conidia, or both (Kwon-Chung & Bennett, 1992) . This dark pigment is easily characterized as melanin, and is formed through oxidative polymerization of phenolic compounds (Alviano et al., 1991) . Fonsecaea pedrosoi is the major etiological agent of chromoblastomycosis, a cosmopolitan fungal infection, presenting chronic localized infections of the cutaneous and subcutaneous tissues, which contain the pathognomonic sclerotic cells, and histologically show hyperkeratotic pseudo-epitheliomatous hyperplasia with keratolytic microabscess formation in the epidermis (McGinnis, 1983) . The fungal lesion is controlled, as in many other mycoses, by neutrophils and tissue macrophages. These cellular immune responses are inefficient in eliminating the fungi fully and this persistence may explain the granulomatous reaction observed in chromoblastomycosis (Esterre et al., 1993) . The infection usually occurs after a traumatic skin puncture with percutaneous inoculation of fungal vegetative forms, conidial cells and mycelia fragments, which grow in decaying wood, plant debris, decomposing organic material, thorns and wood splinters (Rubin et al., 1991; Zeppenfeldt et al., 1994; Salgado et al., 2004) . The mycosis occurs worldwide but is more frequently observed in tropical and subtropical regions (Silva et al., 1998) .
Recent advances have broadened our knowledge of the unique roles that dendritic cells (DC), macrophages and neutrophils play in protecting the host against fungal infections, and the mechanisms by which fungal pathogens attempt to subvert phagocytic defenses (Mansour & Levitz, 2002) . Studies have demonstrated that murine neutrophils are able to efficiently kill F. pedrosoi outside the phagocytic cell, while, on the other hand, resident macrophages have no fungicidal or fungistatic activity, and that 24 h after the beginning of the interaction the macrophages are completely destroyed by the fungi (Farbiarz et al., 1990; Rozental et al., 1994) . Other works have shown that conidia can invade epithelial cells, such as Chinese Hamster Ovary (CHO) cells (Limongi et al., 1997) , most likely through an active process, where conidia adhere to mannose and N-acetylglucosamine surface carbohydrates in CHO cells mediated by a 50-kDa lectin-like protein found in the conidia cell wall (Limongi et al., 2001) .
DC specialized subsets of phagocytic antigen-presenting cells (APC) have been in the forefront of innate immune research, owing to their extraordinary efficiency in processing antigens and activating the adaptive immune system. Different species of fungi, or even different forms such as conidia or hyphae, can up-or down-regulate costimulatory molecules. While Aspergillus fumigatus conidia were demonstrated up-regulating B7-1 and B7-2 expression on human DC (Grazziutti et al., 2001) , pretreatment of DC with hemicellulase-treated Agaricus blazei decreased up-regulation of the surface molecules involved in maturation (Kawamura et al., 2005) .
Murine immature myeloid DC rapidly and efficiently phagocytose both yeasts and hyphae of Candida albicans. Internalization of yeasts activated cells for IL-12 production and priming of Th1 cells, whereas internalization of hyphae inhibited IL-12 and Th1 priming, induced IL-4 production and appeared to initiate Th2 responses (d'Ostiani et al., 2000) . Histoplasma capsulatum yeasts are recognized and phagocytosed by DC obtained through culture of human monocytes in the presence of GM-CSF and IL-4. Upon ingestion using the very late antigen-5 fibronectin receptor, the intracellular growth of yeasts within DC was completely inhibited, in contrast with rapid growth within human macrophages (Gildea et al., 2001) . Murine pulmonary DC internalize conidia and hyphae of A. fumigatus both in vitro, and during infection, in vivo. Phagocytosis of conidia in vitro induces IL-12 production, while that of hyphae induces IL-4 and IL-10. In vivo murine pulmonary DC, after phagocytosis of conidia or hyphae, migrate to the draining lymph nodes, undergo functional maturation, and induce selective Th-priming of CD41 T lymphocytes (Bozza et al., 2002) . Thus, different types of DC can induce immunity or maintain peripheral tolerance according to the species or life-cycle phase of the fungus.
Langerhans cells (LC) are epidermal dendritic APC, MHC II 1 , which comprise 1-3% of total epidermal cells and are derived from cells originating in bone marrow (Katz et al., 1979) , specifically monocyte precursors that have migrated to the skin and differentiated into these important immune surveillance cells (Palucka & Banchereau, 2006) . They represent a subset of DC characterized by the presence of cytoplasmatic organelles called Birbeck granules, associated with Lag antigens and Langerin (CD207) (Valladeau et al., 2000) .
LC are prominent DC in epithelia, but their role in immunity and tolerance is poorly understood (Kissenpfennig & Malissen, 2006) . LC residing in steady-state tissues are at an immature state, functioning primarily in monitoring the environment for candidate danger signals and in capturing, processing and transducing them. When a certain threshold is reached, LC become mature cells, acquiring the ability to migrate from the epidermis to regional lymph nodes, where they are thought to initiate adaptive immune responses and stimulate T cells (Girolomoni et al., 2002; Kaplan et al., 2005) . DC provide a direct link between innate and adaptive immunity, as well as controlling the differentiation and polarization of T cells (Guermonprez et al., 2002) .
The main objective of the present study was to evaluate the host-fungus relation in chromoblastomycosis, through ultrastructural and immunological analysis of purified BALB/c LC interaction with Fonsecaea pedrosoi conidia or in vitro produced sclerotic cells, obtained from pure fungal colonies, which were cultivated from sclerotic cells of skin lesions presented by a chromoblastomycosis patient.
Materials and methods

Microorganisms
A pathogenic strain of F. pedrosoi was isolated from a human case of chromoblastomycosis at our institution (Salgado et al., 2005) using Mycosel (Becton-Dickinson, USA). Stock cultures were maintained on Sabouraud's glucose agar (Merck, Germany). Conidia were obtained from the stock culture and incubated for 15 days, 28 1C, in potato-dextrose agar (Merck, Germany). The cultures were then passed through a nylon filter, where mycelial forms were retained and conidia were released, collected, centrifuged and counted using a Neubauer chamber, before use in the experiments. Sclerotic cells were produced from these conidia, as previously described (M.B. Silva et al, manuscript submitted). Briefly, conidia were cultured for 48 h in a natural medium obtained from the mesocarp of Theobroma grandiflorum (NaMeS Tg), in which sclerotic cells have an optical and ultrastructural morphology very similar to what is found in chromoblastomycosis lesions.
Mice
BALB/c female mice were provided by the 'Evandro Chagas Institute' , where they were maintained under specific pathogen-free conditions until use at the age of 8-12 weeks.
Enrichment and culture of LC
LC were enriched as previously described (Koyama et al., 1990; Salgado et al., 1999b) . Briefly, the epidermis was separated from the dermis after 3 h treatment at 37 1C, 5% CO 2 , with 3000 U mL À1 of dispase (Sigma, Saint Louis, MO), and incubated with 0.025% DNAse (Sigma) for 20 min at room temperature. Epidermal cell suspension was obtained by vigorous pipetting of epidermal sheets. Next, the cell suspension was treated with mouse antimouse Ia monoclonal antibody (1 : 600) for 45 min on ice. The cells were incubated in plates which were already coated with goat anti-mouse IgG (1 : 100) for 45 min at 4 1C. After washing out floating cells, adherent cells were collected and used as purified LC for experiments. In the culture experiments, LC (3 Â 10 5 cells well À1 ) were incubated with or without F. pedrosoi conidia or sclerotic cells (3 Â 10 6 cells well À1 ) in RPMI1640 medium (Sigma) supplemented with 10% fetal calf serum (Gibco, Grand Island, NY, USA) for 1, 3, 6, 12 and 36 h and analyzed by optical microscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM) or immunofluorescence staining. All experiments were performed in triplicate, and F. pedrosoi conidia and sclerotic cells were always cultivated alone for comparison.
Antibodies and reagents
The following antibodies were used for immunostaining. Purified rat anti-mouse CD40 (clone 3/23), purified rat anti-mouse CD86 (B7-2, clone GL1) (BD PharMingen, San Diego, CA) and rabbit fluorescein isothiocyanate (FITC) conjugated anti-rat IgG (Sigma). For control, primary antibodies were not used in the experiments. For isolation of the purified LC fraction, mouse anti-mouse Ia d (clone AMS-32.1) (BD PharMingen, San Diego, CA) and goat antimouse IgG (Fc) (Cappel, Durham, NC) were used.
Scanning electron microscopy
Langerhans cells were fixed for 1 h at room temperature with a solution containing 1% glutaraldehyde, 4% paraformaldehyde and 1 mM CaCl 2 in 0.1 M cacodylate buffer, pH 7.2. The cells were postfixed for 1 h in a solution containing 1% OsO 4 , 0.8% potassium ferricyanide and 1 mM CaCl 2 in 0.1 M cacodylate buffer, pH 7.2 and put in small round cover-glasses layered with poly L-lysine D (Sigma). Then, the cells were rinsed, dehydrated in acetone and dried by the critical point method with the Emitech K850 (Emitech, Kent, England), mounted on stubs with carbon tape, metalized with a thin layer of about 20 nm of gold using an Emitech K550 (Emitech, Kent, England) and observed with the LEO 1450VP scanning electron microscope.
Transmission electron microscopy
After interaction, the cultures were fixed for 1 h at room temperature with a solution containing 1% glutaraldehyde, 4% paraformaldehyde and 1 mM CaCl 2 in 0.1 M cacodylate buffer, pH 7.2. The cells were postfixed for 1 h in a solution containing 1% OsO 4 , 0.8% potassium ferricyanide and 1 mM CaCl 2 in 0.1 M cacodylate buffer, pH 7.2. Subsequently, the cells were rinsed, dehydrated in acetone and embedded in epon. Ultrathin sections were observed with a Zeiss 900 electron microscope.
Immunofluorescence staining for microscopy or fluorescence activated cell sorter (FACS) analysis After isolation or after culture in LC for 36 h with or without F. pedrosoi sclerotic cells or conidia, cells were harvested from wells and centrifuged to remove the supernatant. The pellet was resuspended in RPMI1640 and the cells were adhered for 30 min to round glass cover-slides precoated with 0.1% poly-L-lysine (Sigma), followed by immunostaining as described hereafter. Cells were fixed with 4% paraformaldehyde, cacodylate buffer, pH 7.2 for 30 min, washed in PBS and left for 20 min with each of the following solutions in PBS: 0.1% glycine; 0.2% tween 20; 3% albumin. Then, cells were incubated with first antibodies (1 : 50) for 1 h at 4 1C, washed three times with PBS and incubated with second antibodies (1 : 100) at 4 1C for 1 h. Samples were mounted on slides with Supermount (Biogenex, San Ramon, CA) and analyzed using a fluorescence microscope (Eclipse E400, Nikon, Tokyo, Japan) or put in round bottom tubes and analyzed with a fluorescence-activated cell sorter (Coulter Epics XL, Beckman Coulter, USA).
Results
Isolation and purification of LC LC were isolated to around 95% purity as previously described (Koyama et al., 1990; Salgado et al., 1999b) . LC were characterized by SEM, where 36 h cultured LC (cLC) is very dendritic when compared to freshly isolated LC (fLC), and by TEM, where fLC showed their characteristic ultrastructural cytoplasmic organelles, the Birbeck granules (Fig. 1) .
Phagocytosis of F. pedrosoi conidia by LC
After 1 h interaction between F. pedrosoi conidia and LC, a strong adhesion was observed, with the formation of overlapping bilateral pseudopods, which led to a pseudopodal stack before transformation into a phagosome wall, characteristic of coiling type phagocytosis (Fig. 2a) . After 3 (Fig. 2b ) and 12 h (Fig. 2c) of interaction, complete phagocytosis of the conidia by LC was seen, presenting a tight phagosome formation. Two basic differences were observed between 3 and 12 h of interaction. After 3 h, LC still present dendrites, and the cytoplasmic content of the conidia can be seen, while after 12 h, LC has almost no dendrites, and the cytoplasm of the conidia seems to be empty (Fig. 2b and c) . Usually, LC engulfed only one conidia, and rarely two, as opposed to BALB/c peritoneal macrophages which can internalize around four to five conidia at once (data not shown). Sclerotic cells were not phagocytosed by LC (Fig. 2d) .
LC inhibits hyphae formation from F. pedrosoi conidia or sclerotic cells
Formation of hyphae from F. pedrosoi conidia or sclerotic cells in RPMI medium usually occurs very quickly, with the first changes observed under optical microscopy appearing after just 8 h culture (data not shown). After 12 h culture, the presence of newly formed hyphae arising from conidia or sclerotic cells is evident (Fig. 3a and b) . In contrast, when F. pedrosoi conidia or sclerotic cells were cocultured with LC, there was a complete inhibition of hyphae formation, independently of whether or not internalization by LC had occurred ( Fig. 3c and d) .
LC maturation is impaired by F. pedrosoi conidia CD40 and B7-2 expression gradually increased during culture, and after 36 h their fluorescence intensity could be Fig. 1 . Ultrastructural aspects of LC after isolation and after 36 h culture alone, with no fungus. Scanning electron microscopy (SEM) micrograph of freshly isolated (fLC) (a) or 36 h cultured LC (c), shows numerous fine, long, ramified dendrites over the surface of poly-L-lysine coated cover-glass. In (b), transmission electron micrograph (TEM) of fLC demonstrates a typical Birbeck granule, with the characteristic trilaminar arrangement (white arrow) ending in a globose structure (black arrow). Bars: a, c, 4 mm; b, 0.05 mm. Fig. 2 . Ultrastructural aspects of LC before and after culture, with Fonsecaea pedrosoi conidia or sclerotic cells coculture. Transmission electron micrograph (TEM) of LC and F. pedrosoi conidia interaction at different times: 1 h interaction (a), where adhesion of LC to conidia results in the formation of overlapping bilateral pseudopods over a conidia where cytoplasm is easily observed (asterisk); 3 h interaction (b), where conidia is completely internalized by LC in a tight phagosome being formed by vesicle aggregation (arrow), but its cytoplasm is still seen (asterisk) and; 12 h of interaction (c), where conidia is surrounded by a well organized cytoskeleton (arrow) and its cytoplasm contents cannot be seen anymore (asterisk). clearly seen by fluorescence microscopy ( Fig. 4a and d) or by FACS analysis (Fig. 5) . On the other hand, when LC were cocultured with F. pedrosoi conidia, a complete abrogation of both CD40 and B7-2 expression was observed, with no fluorescence at all (Fig. 4b and e) or a very weak CD40 expression, as observed by FACS analysis (Fig. 5a) . Moreover, when LC were cocultured with sclerotic cells, CD40 expression was not affected when compared to LC cultured Immunofluorescence staining of LC cultured with F. pedrosoi conidia shows costimulatory molecules expression completely inhibited (b, e) when compared to CD40 (a) or B7-2 (d) expression on LC cultured alone or with sclerotic cells (c, CD40; f, B7-2) for 36 h. Bar: 6 mm. Data are representative of one in three independent experiments, which were performed in triplicate.
alone (Fig. 5a) , while there was a B7-2 up-regulation after coculture of LC with sclerotic cells (Fig. 5b) .
Discussion
This paper demonstrates that LC can internalize F. pedrosoi conidia, but not sclerotic cells, inhibiting their differentiation in hyphae, while the presence of the fungus conidia impairs LC maturation, as observed by CD40 and B7-2 inhibition.
Fungus phagocytosis was first studied in macrophages (Fromtling & Shadomy, 1986) , which are cells with a high engulfment capacity, but a variable competence for killing or inhibiting fungal differentiation, depending upon the species involved (Mendes-Giannini et al., 2005) . DC can also phagocyte different species of fungus, but unlike macrophages, with less of a scavenger function, using this ability to capture antigens in order to present them to T cells, thereby generating an immune response . Very few studies have examined the interaction of fungi with LC. It has been shown that in vitro generated LC, differentiated from cultured human cord blood CD34 1 cells, can internalize A. fumigatus conidia, which was related to maturation of these LC-like cells (Persat et al., 2003) .
In our work, we used LC isolated and purified from BALB/c epidermal cells, which is a suitable way to study LC function in vitro, with no interference of other cells, either by direct contact or by the release of diverse cytokines. LClike cell binding with A. fumigatus is time-dependent, and reaches a plateau after 1 h of interaction (Persat et al., 2003) . After 1 h, we show that not only does strong binding occur, but also that phagocytosis of F. pedrosoi conidia has already been triggered, as demonstrated by the formation of a pseudopodal stack, indicating an active process of engulfment by LC. The coiling type of conidia phagocytosis by LC, and a rapid uptake induction, is compatible with the internalization of other types of fungi, such as C. albicans, by DC (Romani, 2004) .
After 3 h, the presence of the fungus inside LC in a tight phagosome was observed. The cytoplasm of the conidia was also detectable, as it was in the first hour. In contrast, after 12 h of interaction it was not possible to observe the fungal cytoplasm, indicating a possible lack of viability. Both macrophages (Shoham & Levitz, 2005) and DC (d'Ostiani et al., 2000) have been demonstrated killing or degrading conidia of different species, inhibiting their differentiation into hyphae forms, which is compatible with our findings.
Interestingly, we verified that even those conidia presented in the medium, outside LC, were not differentiating to their hyphae form, as occurred when only conidia were cultivated in RPMI. It has been shown that immune destruction of tumor cells and regression of skin tumors occurs if DC rather than macrophages are the major phagocytic cells (Byrne & Halliday, 2003) . Also, it is well known that macrophages can function as a place where different microorganisms perpetuate, multiplying inside vacuoles for long periods. For instance, BALB/c mice are susceptible to Leishmania infection (Gumy et al., 2004) , where the parasite replicates inside macrophages, but they develop small lesions which cure spontaneously after skin inoculation of F. pedrosoi conidia (Ahrens et al., 1989) . Although both Leishmania and F. pedrosoi induce a granulomatous reaction, we show here that F. pedrosoi conidia is phagocytosed by LC, whereas two New World Leishmanias (Leishmania (Viannia) brasiliensis and Leishmania (Leishmania) amazonensis) are not internalized by LC (C.G. Salgado et al., in preparation) . Therefore, the capacity of LC in the epidermis to internalize or not, and to inhibit or not, the differentiation and multiplication of different microorganisms such as F. pedrosoi in a primary interaction seems to be an important step in the development of skin lesions and disease.
Finally, the impairment of CD40 and B7-2 expression in LC coculture with conidia was observed. This is a very controversial issue, with divergent results found among different species or different forms of the life cycle of the same species. In our case, two markers of LC maturation, Fig. 5 . FACS analysis of CD40 and B7-2 expression after 36-hour culture of LC with F. pedrosoi conidia or sclerotic cells. FACS analysis demonstrated a very weak CD40 expression on LC after culture with conidia, but almost no difference when LC were cultured with sclerotic cells, in comparison to LC cultured alone (a). B7-2 expression on LC after culture with conidia was almost the same of negative control, while a stronger expression was observed on LC after culture with sclerotic cells, in comparison with LC cultured alone. Data are representative of one in three independent experiments, which were performed in triplicate.
CD40 and B7-2, were analyzed during in vitro interaction of LC with two different forms of F. pedrosoi. CD40 and B7-2 are known to up-regulate during LC maturation in vitro (Salgado et al., 1999a) and in vivo when LC migrate from the skin to the lymph nodes (Banchereau et al., 2000) . As BALB/ c mice are resistant to developing chromoblastomycosis in the skin after inoculation of F. pedrosoi conidia (Ahrens et al., 1989) , we thought that LC would be stimulated to express these two costimulatory molecules after interaction, generating a competent immune response. However, the opposite effect occurred; CD40 and B7-2 expression was inhibited while LC became round and less dendritic in shape, but with no ultrastructural characteristics of apoptosis. A possible explanation for this behavior is that BALB/c mice LC are immediately attracted to the site of infection, exerting their innate macrophage function, internalizing F. pedrosoi conidia, and killing the phagocytosed conidia. They thus halt the differentiation of outside conidia through hyphae or sclerotic cells, before their contact with macrophages, inhibiting the development of chromoblastomycosis. Moreover, when F. pedrosoi conidia is inoculated directly into the peritoneum, which is rich in macrophages but lacks LC, infection develops, which also confirms our hypothesis.
Concerning LC and sclerotic cell coculture, although LC can adhere to sclerotic cells, there is no phagocytosis and no inhibition of costimulatory molecule expression. The intrinsic difference between conidia and sclerotic cells related to their internalization capacity, inhibiting fungus differentiation, and their influence on the expression of CD40 and B7-2 could explain the reason why a large number of people produce antibodies to chromoblastomycosis agents but do not develop the disease, as demonstrated for F. pedrosoi in Madagascar and Cladophialophora carrionii in Venezuela (Yegres et al., 1991) . In our view, sclerotic cells in nature could be responsible for disease, while conidia drives the immune system to a Th2 response, with antibody production. We are conducting experiments to evaluate this hypothesis by inoculation of sclerotic cells on BALB/c mice skin.
The understanding of mechanisms which regulate LC action and trafficking to inhibit the development of chromoblastomycosis on BALB/c mice can help us to improve the use of therapeutic strategies in which LC are employed in modulating immune responses in difficult-to-treat human cutaneous and subcutaneous fungal infections.
